Introduction
The majority of transformers in the power system network are oil filled type. The main functions of the oil used in a transformer are to act as electrical insulation, cooling medium and information carrier. Up to now, the main oil insulation used in a transformer is Mineral Oil (MO) since it is proven to be successfully applied in practice for many years.
Natural and synthetic esters are considered as the alternative for conventional MO due to the high fire safety and environmental friendliness. Extensive studies were conducted looking into the chemical, physical and electrical properties of natural and synthetic esters [1] [2] [3] . Another possible alternative for ester based oils are Palm Oil (PO) and Coconut Oil (CO).
PO is derived from palm kernel which can be further separated to produce Crude Palm Oil (CPO) and Crude Palm Kernel Oil (CPKO) [4] [5] . Further processing of CPO can produced Refined, Bleaching and Deodorized Palm Oil (RBDPO). The most common PO considered for transformers application is RBDPO. On the other hand, CO is extracted from kernel of matured coconut palm. The CO can be further processed to produce a neutralized, bleached and deodorized CO and is currently the type of oil investigated for the transformers' application [6] .
Transformer in service shall be exposed to voltages in excess of the normal operating voltage, such as transient overvoltage due to lightning impulse or switching impulse. Therefore the increasing interests among researchers press for comprehensive investigations on electrical performance of these liquids especially under impulse voltage [7] . This paper presents breakdown strengths of biodegradable oils (RBDPOs and CO) and MO in a uniform sphere-sphere electrode under impulse voltages. The influences of voltage polarities (positive and negative) and testing methods (rising-voltage and up-and-down) on the breakdown behavior are investigated.
Experimental Description Test Samples.
The samples used in the experiment were MO, CO and three types of POs. PO and CO samples were obtained from readily available cooking oil products in the market. PO used is RBDPO Olein types.
All samples were pre-processed through a membrane filter with a pore size of 0.2 µm for at least 3 cycles. Next, the filtered samples were dried in an air circulating oven for 2 days at 85 ºC. The samples were rested for further 24 hours at ambient temperature before tested for lightning impulse.
Test Methods for Lightning Breakdown Voltage.
The lightning impulse breakdown voltage in a quasi-uniform field circuit configuration such as defined in IEC 60897 Standard is shown in Fig. 1 [8, 9] . A cylindrical test cell with a 250 ml volume was manufactured according to the standard. Copper sphere-sphere electrodes configuration with a gap distance of 2.0 mm and 3.8 mm is used to provide the uniform field. The diameter of the sphere electrodes is 12.7 mm. The breakdown voltage of biodegradable oils (RBDPO and CO) and MO was investigated using negative 1.2/50 µs lightning impulses. A 2-stage TERCO impulse generator with a maximum voltage of 280 kV was used to deliver the standard lightning impulse (1.2/50 µs). A current limit resistor (2.4 kΩ) was added in the circuit to limit the current of breakdown arc, further to protect the oil samples and electrodes.
Fig. 1 Test configuration for lightning impulse
Testing methods for lightning impulse breakdown voltage can be divided as follows:
Rising-voltage method.
The initial voltage was applied and increased at a constant rate until breakdown occurs [8] [9] [10] [11] . In this study, the initial voltage level was set at 70 kV for gap distance of 2.0 mm while for gap distance of 3.8 mm, the initial voltage level was set at 150 kV. The step increment of voltages and time interval between each breakdown were fixed to 5 kV and 60 seconds. A total of 15 breakdowns for each type of the samples at 1 shot per step increasing rate were obtained without changing the electrodes and oil samples.
Up-and-down method.
The voltage was initially raised from an initial value at a fixed step voltage of ∆U at which with certainty, no breakdown would occur, until the first breakdown occurs. Next, the voltage was decreased step by step at a fixed step voltage of ∆U until no breakdown occurs. The first step was repeated until the next breakdown occurs and stops after a certain number of breakdowns were obtained. The mean value of these voltages is regarded as the 50% breakdown voltage [8, 9, [12] [13] [14] . Gap distance of 2.0 mm, the initial voltage level was set to 70 kV and 140 kV for gap distance of
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3.8 mm. The step voltage, ∆U was fixed to 5 kV with the time interval between each breakdown was 60 seconds. At least 30 shots were applied for each type of samples in each set of testing.
Result and Analysis of Data

Rising-voltage Method
Based on the rising-voltage method as shown in Fig. 2 
Up-and-down Method
The breakdown voltage pattern under up-and-down method for all samples for both gap distances (2.0 mm and 3.8 mm) can be seen in Fig. 3 . It is observed that the breakdown voltages patterns for all samples were different from each other. 
Comparison Results Method.
The comparison between testing methods on the lightning breakdown voltage for all samples can be seen in Fig. 5 . Both testing methods have notable influences by different gap distances, but do not affect the ranking of liquids for the purpose of comparison. There is only small effect of the percentage of difference for testing methods on the breakdown voltage for all samples in between 0.2% and 3%. At 2.0 mm gap distance, the percentage of difference between all samples range is 2% and 21% while at 3.8 mm gap distance, the range is between 8% and 17%. 
Summary
The lightning impulse testing indicates that breakdown voltages of both the RBDPOs and CO are close to those of the MO at the investigated gap distances. Testing methods including rising-voltage method and up-and-down method have no notable influence on the breakdown voltages of RBDPOs and CO compared to MO. Therefore, it can be concluded that lightning impulse breakdown of biodegradable oil for both testing methods, are comparable to those of the MO at various gap distances in a quasi-uniform field.
